We studied the population structure of 3 species in the Myotis mystacinus complex (M. mystacinus, M. brandtii, and M. alcathoe) during the swarming period by sampling bats at 27 caves in the Carpathian Mountains and adjacent areas in southern Poland using 14 or 15 nuclear microsatellite loci. None of the examined species were in Hardy-Weinberg equilibrium following the global test for heterozygote deficiency. Inbreeding coefficient (F IS ) values at the species level also were statistically greater than zero. This may indicate some level of inbreeding in all examined taxa although it seems to be relatively low because significant F IS values were recorded in only 2 swarming sites of M. mystacinus, 2 sites of M. brandtii, and 3 sites of M. alcathoe. However, almost 10% of related individuals sharing 1 parent (i.e., half siblings) were found in the same swarming sites for M. mystacinus and M. brandtii, with fewer observed in M. alcathoe. At the population level, 4.1%, 5.9%, and 8.7% of individuals of M. mystacinus, M. brandtii, and M. alcathoe, respectively, were assigned as full siblings. These figures suggest the possibility of females mating selectively with the same male in more than 1 year.
During late summer and early autumn in temperate zones of the Northern Hemisphere, large numbers of bats of many species gather at caves, socially vocalizing and frequently showing mating behavior (Cope and Humphrey 1977; Fenton 1969; Mumford and Whitaker 1975; Piksa 2008; Piksa et al. 2011; Rivers et al. 2006 ). This phenomenon was described and defined as ''swarming'' (Davis 1964) .
Bat swarming is a complex phenomenon, and its causes are not completely understood. Three main hypotheses explaining swarming include mating behavior (Fenton 1969; Furmankiewicz and Altringham 2007; Kerth et al. 2003; Rivers et al. 2005 ; Thomas et al. 1979; Veith et al. 2004) , information transfer regarding suitable hibernacula (Davis and Hitchcock 1965; Fenton 1969; Piksa 2008) , and the use of caves as resting places during seasonal migration (Piksa 2008; Whitaker 1998) , with these hypotheses not being mutually exclusive. The most reliable and well documented is the 1st hypothesis of mating behavior, which is supported by observations of social vocalization, chasing, and copulations during the swarming period, and by the results of genetic studies. From an evolutionary perspective, this hypothesis is supported because swarming appears to promote gene flow among bat colonies. This increases genetic diversity and prevents inbreeding, especially in sedentary species such as Myotis bechsteinii and Plecotus auritus, which show high levels of philopatry to specific day-roost sites used in summer, as well as to hibernation sites used in winter.
Bat species in the Myotis mystacinus complex (M. alcathoe, M. brandtii, and M. mystacinus) also exhibit swarming behavior (Piksa 2008; Piksa et al. 2011) . Surprisingly, nothing is known about the small-scale genetic structure of these taxa. Recent papers focusing on the genetics of these bats refer to 2 main topics: identification and distribution of the recently described species M. alcathoe (Agirre- Mendi et al. 2004; Ahlén 2010; Benda et al. 2003; Mayer and von Helversen 2001; Niermann et al. 2007; Ruedi et al. 2002; ; and phylogeography of the M. mystacinus species group (García-Mudarra et al. 2009; Ibáñez et al. 2006; Mayer et al. 2007; . Jan et al. (2010) applied microsatellite markers in an examination of the M. mystacinus complex but with the main focus on distinguishing species within the complex.
The traditional classification within the M. mystacinus complex is based on morphology rather than genetic w w w . m a m m a l o g y . o r g relatedness. However, Ruedi and Mayer (2001) and Stadelmann et al. (2004 Stadelmann et al. ( , 2007 found a 16% sequence divergence in the complete mitochondrial cytochrome-b and nicotinamide adenine dehydrogenase subunit 1 (NADH1 5 [ND1]) genes between M. brandtii and M. mystacinus. In addition, the M. mystacinus complex was polyphyletic with M. brandtii falling within a North American clade, and M. mystacinus more closely related to other Palearctic species. Based on mitochondrial DNA, M. alcathoe is more closely related to M. mystacinus than to M. brandtii (Jan et al. 2010) . All 3 species occur sympatrically in the Polish portion of the Carpathian Mountains and adjacent areas (Niermann et al. 2007; Piksa et al. 2011) , offering a great opportunity to compare their genetic structure. In our study we tested 3 predictions: M. mystacinus should have the largest genetic diversity of the 3 species under consideration because it has the highest abundance and activity during swarming and occurs in almost the entire altitudinal range of the Carpathians (Piksa et al. 2011) ; in spite of these specific differences, intensive mating at swarming sites should maintain high genetic diversity, providing optimal opportunities for gene flow among bats from different regions and maternity colonies; and members of the same colony should be captured together at the same swarming site and this should be reflected in highly related individuals at the sites.
MATERIALS AND METHODS
Study sites and sampling.-The study was done in southern Poland, mainly in the Carpathian Mountains, which is the largest mountain system in Poland and Central Europe. The altitudinal range in the Polish portion of the Carpathians is from 190 to 2,499 m. The landscape and environment (e.g., climatic and vegetation belts) are typical of higher mountain chains, such as the Alps. In this region we captured bats at 23 caves representing 12 swarming sites ( Fig. 1) where high autumn and spring swarming activities have been observed. Caves were situated up to 280 km from each other and at altitudes ranging from 300 to 1,900 m above sea level. In general, surveyed caves are situated in the peak or subpeak parts of the mountains. In addition to geographic distance, another factor limiting movements between swarming sites is that the habitat between them is devoid of caves. In the Tatra Mountains the caves were divided into 2 distinct swarming sites ( Fig. 1) : TA consisted of high-elevation caves near the mountain passes (above 1,700 m), whereas TR included caves situated at lower elevation (between 1,100 and 1,300 m). These 2 sites significantly differed in the proportion of species in the M. mystacinus group, with M. mystacinus predominating at higher elevations (Piksa 2008; Piksa et al. 2011) . PS (Silesian Foothill, Silesian Lowland, and Ż ywiecka Valley) is a special case, because it is an artificial grouping of caves at lower elevations situated at some distance from each other. This grouping was used only in species characterization, and was excluded from all other analyses because of large dispersion of sampling sites, which also contained a low number of individuals sampled. Bats were captured outside cave entrances between July and October from 2007 to 2010 using mist nets (Ecotone, Gdynia, Poland). Animals were identified to species, sex, and age (adults versus juveniles, that is, born that summer) according to the degree of ossification of the epiphyseal joints in the finger bones (Anthony 1988; Racey 1974) . In total, we analyzed 195 samples of M. mystacinus, 134 of M. brandtii, and 46 of M. alcathoe. Tissues for DNA studies were taken using a wing membrane biopsy, 3 mm in diameter, in the plagiopatagium (Weaver et al. 2009; Worthington Wilmer and Barratt 1996) . Samples were stored in 85% ethanol. Genetic identification of all taxa was carried out by sequencing a fragment of at least 500 base pairs of the mitochondrial NADH1 gene. Methodological details are given in Mayer and von Helversen (2001) . This research followed guidelines of the American Society of Mammalogists (Sikes et al. 2011) and was approved by the Ministry of Environment (permission DLOPiK-op/ogiz-4200/IV.D-11/3947/07/msz).
Microsatellite analysis.-The DNA was isolated from tissue samples using the Genomic Mini Kit (A&A Biotechnology, Gdynia, Poland) according to the manufacturer's protocol. Using polymerase chain reaction we amplified 15 microsatellite loci: F19, G30, G25, D9, D15, and H29 (Castella and Ruedi 2000) ; and EF15-Mluc, G2-Mluc, G31-Mluc, G6-Mluc, B8-Mluc, D15-Mluc, F19-Mluc, G30-Mluc, and H23-Mluc (Jan et al. 2010 ). All of these markers were specifically designed for the genus Myotis. They were amplified in 4 multiplexes using the Multiplex PCR Kit (Qiagen, Holden, Germany). Polymerase chain reactions were carried out in 15-ml reaction volumes with 10-50 ng of DNA, 10 pmol of each primer, 7.5 ml of Multiplex PCR Mix, and 5 ml of polymerase chain reaction water. Each forward primer was labeled with fluorescent WellRED dyes (Beckman Coulter, Inc., Brea, California). The polymerase chain reaction thermal profile was as follows: initial denaturation of 95uC for 15 min, followed by 35 cycles of denaturation at 94uC for 30 s, annealing at either 55uC (F19 and G30), 58.5uC (EF15-Mluc, G2-Mluc, G31-Mluc, G6-Mluc, B8-Mluc, D15-Mluc, F19-Mluc, G30-Mluc, and H23-Mluc), or 60uC (D9, D15, G25, and H29) for 90 s, elongation at 72uC for 90 s, and a final elongation at 60uC for 30 min. Allele lengths were scored on a CEQ 8000 sequencer (Beckmann-Coulter, Inc.).
Genetic variability and differentiation.-We used Microchecker version 2.2.3 (van Oosterhout et al. 2004 ) to test for errors and null alleles. Additionally, to check the influence of null alleles in the entire data set, we performed the null allele correction. The genetic overall and pairwise distance F ST with a correction for possible null alleles, termed the F ST ENA , also was calculated using the FREENA software (Chapuis and Estoup 2007) . Our analyses were done on both uncorrected and null-allele corrected data. The results differed slightly and we report only the uncorrected data. In addition, F ST values were similar regardless of the methodology used (i.e., ARLEQUIN version 3.11 [Excoffier et al. 2005] versus FREENA software).
The number of alleles, allelic richness (R), observed (H O ) and expected (H E ) heterozygosity, and F IS coefficient (with Bonferroni correction) were calculated in Fstat version 2.9.3.2 (Goudet 1995 (Goudet , 2001 ) and GenAlEx version 6.1 Smouse 2006, 2007) . GENEPOP version 4.0.10 (Raymond and Rousset 1995) was used to test for departure from HardyWeinberg equilibrium. Based on the exact test implemented in GENEPOP, we checked for heterozygote deficit or excess using a Bonferroni correction for multiple tests. We tested for genotypic linkage disequilibrium among all pairs of loci in GENEPOP.
We tested for genetic differentiation among populations and separate sites (with at least 5 individuals per site) of M. mystacinus, M. brandtii, and M. alcathoe using the following methods. First, we estimated the statistical significance of genotypic differentiation and pairwise F ST using GENEPOP and ARLEQUIN version 3.11 (Excoffier et al. 2005) , respectively. P-values for F ST were calculated using 1,000 random permutations. The partitioning of genetic variation was examined using an analysis of molecular variance (AMOVA) implemented in GenAlEx. In the same program we conducted a Mantel test of the isolation-by-distance model (pairwise F ST versus geographic distances). We also used STRUCTURE version 2.3.3 (Pritchard et al. 2000) to estimate how well genetic clustering of individuals corresponds to geographic locality. We used the admixture model and correlated allele frequencies among groups. Five runs for each K, the assumed number of clusters, ranging from 2 to the number of sites for each species, were performed to check the consistency of the obtained results. Relatedness and kin group analyses.-We estimated kinship between individuals in KINGROUP version 2 (Konovalov et al. 2004 ) and in COLONY version 2.0.1.3 software (Jones and Wang 2009 ). After comparing the results, it appeared that the number of identified kin groups was overestimated. We used a conservative approach and accepted only those kin groups that were supported by both programs.
We also calculated the relatedness coefficient using COANCESTRY version 1.0.0 (Wang 2011) using the triadic likelihood estimator TrioML, which shows the lowest variation. This coefficient is based on the likelihood method that uses the genotypes of a triad of individuals in estimating the pairwise relatedness (r). To calculate r we inferred 500 individuals as a reference. We compared relatedness means with the mean value of randomly chosen pairs of individuals to assess the probability that the observed mean relatedness occurred by chance.
RESULTS
Genetic variability.-All loci were highly polymorphic except for locus G25, which was monomorphic in M. brandtii and M. alcathoe, but polymorphic with 11 alleles in M. mystacinus (Table 1) . For the first 2 species this locus was All species pairs showed highly significant (P , 0.001) genotypic differentiation. The highest F ST values were recovered between M. brandtii and 2 other species (in both cases F ST 5 0.114). The lowest value was recorded between M. mystacinus and M. alcathoe (0.103). Statistically significant pairwise comparisons also were detected at the site level, although they were more numerous in M. brandtii (14.5%) than in M. mystacinus (8.3%) and M. alcathoe (6.7%; Table 3 ). Based on the AMOVA, 19.5% of genetic variation was partitioned among species (data not shown). At the individual species level, 98.8-99.6% of variance was partitioned within swarming sites, and 0.4-1.2% among swarming sites (Table 4 ). The STRUCTURE analysis resulted in a clear division of all 3 species and no further structuring based on sampling locations. Results of Mantel tests (for sites where n 5) indicated no significant correlation between pairwise F ST values and geographic distances for all 3 species.
Relatedness structure and kin group swarming.-With the exception of 2 swarming sites, the mean relatedness values at individual sites did not differ significantly from random (Table 5) , suggesting either that individuals gather at swarming sites by chance or from very large, unsampled areas. Nevertheless, in the analysis of kin relationship, populations of M. mystacinus and M. brandtii showed similar percentage of individuals (4.1% and 5.9%, respectively) assigned to kin groups with r 0.5, indicating full siblings. Much higher but still comparable values (47.7% and 47.0%, respectively) were obtained in kin groups at the half-sibling level (r 0.25). In M. alcathoe 8.7% of kin groups had r 0.5 and 47.8% were in the range of r 0.25 (Table 6 ). More importantly, almost 10% of the kin groups recovered for M. mystacinus and M. brandtii were found in the same swarming sites, with fewer observed in M. alcathoe. In the case of M. mystacinus 4 pairs of full siblings were caught and 2 of them were observed in 3 caves situated near each other in the Tatra Mountains (TA and TR in Fig. 1 ). Similar situation was observed for M. brandtii, with 2 of 4 full-sibling pairs captured in 2 closely located sites (BN and DS). A single pair of full siblings in M. alcathoe was detected in the same site (DS) as was 1 pair of full siblings of M. brandtii. Furthermore, at the microscale level, a relatively high degree of relatedness between swarming individuals sampled in Great Litworowa Cave (TA in Fig. 1 ) during some nights-higher than between nights (results not shown)-may suggest that individuals from the same summer (nursery) roosts arrived at this swarming site together.
DISCUSSION
The mean expected heterozygosity for all 3 species was high (0.79-0.83) and comparable to that of other swarming bats in the genus Myotis: M. nattereri . Such high genetic diversity is typical for swarming sites of bats, and can be explained by the fact that these sites gather bats from a large distributional range and several summer colonies (Furmankiewicz and Altringham 2007; Kerth et al. 2003; Rivers et al. 2005 ). The observed heterozygosity was only slightly lower than the expected heterozygosity except for M. alcathoe, where the difference was larger (0.63 versus 0.81) but this seems to be the effect of small sample size. Intensive mating at these sites allows high genetic diversity to be maintained, and suggests that these sites are hot spots of genetic diversity, providing optimal opportunities for gene flow among bats from different regions and representing different maternity colonies (Kerth et al. 2003) . Results of the pairwise genotypic differentiation were mostly in agreement with the patterns of genetic differentiation (estimated by F ST ). This is not surprising because even with a small genetic distance, a statistically significant genotypic differentiation (due to high diversity) may be observed.
None of the examined species were in Hardy-Weinberg equilibrium following the global test for heterozygote deficiency. Such a situation may result from several factors, including nonrandom sampling of individuals, which are more closely related to each other than the ''average'' individual from the entire population. This may be the case in our study, and is supported by the degree of relatedness among bats flying to swarming sites at the same time. Null alleles could be another reason for a lack of Hardy-Weinberg equilibrium. The presence of null alleles cannot be completely refuted because of the low sample size per site, and given that the markers were not specifically developed for any of these species. Frequently, heterozygote deficiency is the result of sampling or Wahlund effect, where more than 1 local population is assigned to analyzed groups. Nevertheless, this explanation does not match with the observation of well-mixed assemblages and the low level of differentiation between swarming sites. At the local level, only 2 samples of M. mystacinus, 2 samples of M. brandtii, and 3 samples of M. alcathoe indicated F IS values significantly greater than zero. It has been shown that bats often return to the same swarming sites (e.g., Furmankiewicz 2008; , but they also have been shown to visit others (Rivers et al. 2006) .
To avoid harsh winter conditions, some bats migrate to warmer regions, whereas others stay in their summer grounds and look for appropriate winter shelters where they can hibernate (Speakman and Rowland 1999) . Selection of appropriate roosting sites may be of critical value for the survival of bats and it is particularly important in the case of juveniles (Sendor and Simon 2003) . M. mystacinus and M. brandtii generally are considered occasional migrant species, moving up to 165 and 618 km, respectively (Hutterer et al. 2005) . Young bats, when leaving a nursery colony, do not know where suitable winter quarters are. Looking for these 1976; Piksa 2008) . Because of high proportions of both juveniles and males and the synchronized arrival of a large number of adult females and juveniles to swarming sites (Piksa 2008; Piksa et al. 2011) , we expected that some adult females and juveniles captured at the same time of night would be closely related to each other. Genetic analysis did not confirm this assumption convincingly. In general, the mean relatedness values at individual sites did not differ significantly from random although this parameter is a poor predictor of colony structure and female philopatry (Kerth et al. 2002) .
In the analysis of kin relationship at the population level, 4.1%, 5.9%, and 8.7% of individuals of M. mystacinus, M. brandtii, and M. alcathoe, respectively, were assigned as full siblings. This value may be questionable considering that female Myotis have 1 offspring a year and have never been reported to mate with the same male year after year. Blouin (2003) also noted that 15-20 unlinked microsatellite markers are typically needed to distinguish full siblings from unrelated pairs with 90% confidence. In contrast, approximately 10 loci are needed when parent-offspring versus unrelated pairs have to be discriminated (Queller and Goodnight 1989) . Because we used a conservative approach and the number of microsatellites close to that required in full-siblings analyses, we would not exclude the possibility of females mating selectively with the same male in more than 1 year. Such mating should not be unusual in a species that is long lived, as is the case for M. mystacinus or M. brandtii (reviewed by Wilkinson and South 2002) . The current longevity record for bats (38 years) is from a male M. brandtii from Siberia. In addition, 23 other individuals of this species, all males, survived 25 or more years in this region (Khritankov and Ovodov 2001) . Perhaps longer hibernation periods in bats living at high latitudes or in the mountains (as in our study) may increase longevity, especially among males, which do not allocate as many resources to reproduction as females (Wilkinson and South 2002) . Another possibility is that females mate with several males but, by a mechanism as yet unknown, repeatedly select sperm from the same male to fertilize their egg. This problem certainly needs additional study.
The finding of 9.7%, 8.7%, and 4.3% of related individuals being half siblings for M. mystacinus, M. brandtii, and M. alcathoe, respectively, in the same swarming sites suggests that these sites are places where family members may meet. A relatively high degree of relatedness between swarming individuals also may be detected during some nights-higher than between nights (as happened in Great Litworowa Cave), although the level of night-to-night consistency of individuals in the swarming populations is quite low reflecting, for example, the situation for Myotis lucifugus in eastern Ontario, Canada (Fenton 1969) . This is true despite the fact that the capture success of mother-offspring pairs using mist nets is extremely low. For example, in Great Litworowa Cave thousands of bats are known to swarm, and at the peak of this activity, up to 400 passes per hour are observed and the number of captured bats per night can reach 380 individuals (Piksa 2008; Piksa et al. 2011 ). This cave is located close (0.6-1.1 km) to 3 mountain passes, where summer and autumn activity may be associated with bat migration. The cave also is used as a transient roost and resting site for bats during migration (Piksa 2008 ) and the largest number of bats was sampled here.
In general, based on our research, we cannot exclude that there is information transfer between bats. Related individuals are present at swarming sites, which does not support that swarming sites are selected by chance and no information, such as about hibernacula, is transferred. It seems that young of the year may follow different adult females (not just mothers) from their nursery roosts to swarming sites.
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